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Rotational and Vibrational Temperature Measurements in the DLR High
Enthalpy Shock Tunnel HEG Using LIF and Flash Lamp Absorption

W. H. Beck
Aerothermodynamics Section,
Institute of Fluid Mechanics,

German Aerospace Center (DLR),
BunsenstraBe 10,
37073 G6ttingen

Germany

ABSTRACT such as pressure or temperature; one must examine
the gas at its molecular level, and preferably using
a technique which is non-intrusive and does not

Use of LIF in two line thermometry TLT and of influence or alter the gas propereties. Laser
flash lamp absorption to examine high enthalpy induced fluorescence LIF is such a technique. It
flows is presented. The aim is to measure has the further advantage of enabling 2D spatially
rotational and vibrational temperatures of nitric resolved measurements of temperatures, as
oxide NO in high temperature air in the Gbttingen opposed to other techniques which measure line of
High Enthalpy Shock Tunnel HEG. Theory of NO sight (absorption techniques) or at a point (CARS).
(energy levels, spectroscopy, level populations),
LIF and TLT are discussed. Results are given from A common component of high temperature air is
a test cell to validate TLT with NO LIF as a nitric oxide NO. In HEG it is present up to levels
quantitative technique. HEG results for rotational of 10%. NO is a species which is quite well
and vibrational temperatures in the free stream and studied and understood (its energy levels,
around models are presented. Finally, flash lamp spectroscopy), and is well suited to LIF and
absorption results yielding these temperatures are absorption studies. This lecture will deal with
given. basic theory of the NO molecule - its structure,

energy levels, level populations, spectroscopy and
1. INTRODUCTION its use in two line thermometry TLT using LIF.

Although this theory is universal, pertaining not
only to LIF work, it will be presented with mainly

High enthalpy flows such as in the High Enthalpy this aim in mind. Experimental apparatuses for LIF
Shock Tunnel HEG of the DLR in G6ttingen are (laser apparatus, test cell) and the facility HEG
characterised by very high temperatures where the will be described. Emission spectra in HEG are
test gas (usually air) is dissociated and where the shown to prepare the way for use of planar LIF
concentrations of the atomic and molecular species (PLIF) around models in the gas flow. A
may not correspond to those pertaining to the discussion of detailed experiments in a heated test
translational temperature of the gas - this is cell containing NO, necessary to establish the
chemical non-equilibrium. Furthermore, the gas requirements for quantitative TLT, follows. HEG
may also not be in thermal equilibrium, i.e. LIF results are presented in two groups: LIF
internal temperatures (electronic, vibrational and measurements of rotational and vibrational
in some cases even rotational temperatures) may temperatures in the HEG free stream, and in flows
be different from each other and from the around models (HERMES, cylinder, sphere,
translational temperature. In the worst case, the blunted cone, HOPE). Finally, results using flash
levels may not be occupied according to a lamp absorption in the HEG will be presented.
Boltzmann distribution, so that an internal
temperature is not even defined. To examine and
understand the properties of such gases, it is no
longer adequate to measure just bulk properties

Paper presented at the RTO AVT Course on "Measurement Techniques for High Enthalpy and Plasma Flows",
held in Rhode-Saint-Gen~se, Belgium, 25-29 October 1999, and published in RTO EN-8.
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2. THEORY manifolds, in a potential energy level diagram such
as in Fig. 1 for NO (see Ref. 1).

This chapter will overview some important
theoretical concepts concerning the energy levels Here the energy (in units wavenumbers cm1, 1 ev
and spectroscopy of the NO molecule, the laser = 8067 cm') of the level is plotted against
induced fluorescence technique and its use to internuclear separation (in Angstroms A, 1 nm -
determine internal (rotational and vibrational) 10 A) between N and 0 atoms in the molecule.
temperatures via two line thermometry TLT. It The various electronic states are given term
will and cannot be an exhaustive overview, but symbols, starting with X for the GS, and then A,
rather will summarise the basics (there are several B, C, ... for the higher lying states. Each electronic
texts and literature references given in Ref. 1 energy level is represented by either direct or
which go into far greater detail). Above all, an projected quantum numbers, and given either a
attempt will be made to stress those points which Greek symbol or value; e.g. the GS 2rfl ' has total
are important in applying TLT to high enthalpy spin ½, therefore multiplicity 2, total orbital
flows. angular momentum L = 1, hence HI state, and a

projection of the summed orbital and spin quantum
2.1 The NO molecule numbers mj, with values of 1/2 or 3/2.
The linear combination of atomic orbitals
approach to forming the molecular orbitals (MO)
of NO leads to an electron configuration in the
electronic ground state (GS) where the last
(outermost) electron resides in an anti-bonding /
7t*(g) molecular orbital. This is a single unpaired //
electron, so that the multiplicity of the GS is 2. 60
The promotion of this electron can occur to higher 5 5
(in energy) MO's, for example through absorption J =3 .i
of a photon of light. The excited NO molecule can F 50
relax back to its GS via several processes, E I
including emission of a photon of either the same 2y 40ý
or lower energy (fluorescence); all these processes
are important in using LIF for TLT, and will be
discussed later. 2' 30

C -
When an electron is boosted to a higher electronic 0)

level, it is also possible for the molecule to 20
experience a change in its rotational and
vibrational energies. (All internal energy changes 10
are subject to certain selection rules, which arise
out of parity and symmetry considerations 2

pertaining to dipole transitions.) The energy of the Q,
molecule, or rather the energy change following a 1,0 1,5 2,0
particular transition, can be broken down into internuclear separation r [A]
electronic n, vibrational v and rotational J
components - the so-called term energies T(n,v,J). Fig. ] Potential energy level diagram for NO.
Each state of the molecule, and its term energy, are
uniquely defined by so-called quantum numbers,
numbers which arise out of the wave function The above picture considers only the electronic,
solutions (eigen functions) of the Schrddinger and not the rotational energy levels; there exists a
equation. coupling between the nuclear rotation and the

electron movement, leading to a further splitting of
It is customary to represent pictorially these term the energy levels, the so-called A-splitting. Hence,
energies, including the vibrational (and rotational) when considering transitions from a particular
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rotational level in the GS, they can arise from four the change in rotational quantum number J is
energy levels, each having a (sometimes only included yet. This is represented as AJF,F'J"),

slightly) different energy. Selection rules for where AJ = -1, 0 or +1 (see before) is represented
rotational transitions allow only quantum number by the letter P, Q or R, F' and F" represent the two
changes AJ of -1, 0, +1 (J # 0), and only transitions mj values 1/2 and 3/2, respectively, and Y"
to states of opposite parity, so that in all 12 represents the rotational level in the GS from
separate transitions (spectral lines) to a I-excited which the transition arises. (The energy levels and
state (where mj = 0) can arise from one GS transitions of NO are summarised in some more
rotational level. This can be seen in Fig. 2. Of the detail in ref. 1, where literature references can be
four major NO electronic energy levels, X, A, B. C found.) The two laser-excited transitions used for
and D, as shown in Fig.1, only the X, A and D will the LIF to be discussed later are 2(0,1) R22(27.5)
be of main interest here. Whereas the vibrational and 2(0,1) (R21(17.5) + Pn1(35.5)); whereas the first
energy levels (v = 0, 1, 2 ..... ) are shown, the transition is a single line, the second is an overlap
rotational manifolds (see Fig. 2) superimposed on of two lines which can lead to errors at
each vibrational level, with their even smaller temperatures above 1000 K, if not properly
energy spacings, are not shown. accounted for - see later. In the case of flash lamp

absorption, where both low resolution vibrational
F, a, F Q, bands (rotational envelopes) and high resolution

PA rotationally-resolved lines are measured from'• [!^"R •R •P I P,

P . .f! .,. . I broadband absorption experiments, vibrational
U_........ .... transitions (0,0), (1,0) and (0,1) and low-lying

5.5 .....-........-------------- ------ + 6 rotational levels (J = 4.5) are involved.
6.5

4.5 -- -- ----- - --- --- ----- _--+---

4.5 ___i ----- IAel 2.2 Thermal populations
53 1 1 Given that thermal equilibrium between the

E m: aw w: m 0 a- a: w t a : electronic, vibrational and rotational levels exists,

. 10.5 - + 6.5 the fraction f of the total population in a given

S2050 + 5.5 energy level In,v,J> is given by:
9) .5 -- - - -+ 4.5

+ 520 0-2.5 T (n, v, J, Tin.
2000 . + + 1.5 . t

, ( ' grt kT

1950 6.5 + f (n,rv,(J,Tint) g n [eT)

4.5 +
1900 3.5 +

2.5 + where gn is the electronic degeneracy, grot the1.5 - _ "__

0.5 e f rotational degeneracy (= 2J + 1), k Boltzmann's
X 1, ) " 1" constant, Q(Tint) the total partition function and Tint

,the internal temperature, so called to distinguish it

from the translational temperature Ttrans, which
Fig. 2 E <- 17 transitions in NO, showing 12 may or may not be the same - see later. Hence, for

branches. a given known molecule with known properties
and energy levels, the thermal distribution can be
represented by just one variable, the temperature

Transitions between the states D <- X and A <- X Tint. For the case of the rigid rotor, the term energy
are given designations , and y, respectively, with can be split into a sum of electronic, vibrational
the upper and lower vibrational quantum numbers and rotational components and the partition
v being given in brackets; e.g. 2(0,1) refers to the function into a product of components from these
transition between the X ground state, v = 1, to the modes. The fraction f can be redefined as:

excited state D, v = 0. No information regarding
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f (n, v, J, Tr, Tvib , Trot) = these transitions cannot be used at temperatures
below about 600 K. Behind shocks in HEG
temperatures can be as high as 9000 K, but at these

T (n) 1 b()__o(J) high temperatures one sees another problem,
_ el _vib j ro t(e kib kT(v) U which is best exemplified by the following: if one

e kl J e e rot measures populations in levels, say, v = 2 and 3 at
gP(2J +1) temperatures around 5000 K, one can see that the

Q(Te) Q(Zvib) a(To) ratio of the populations in these levels is quite
temperature insensitive. Or put another way, the

Hence, as can be seen from the above equation, it demands on accuracy in measuring these
is possible that Tei, Tib and Trot are different, and populations are very high.
also different from Ttrans. However, the existence
of a temperature as a variable requires a
Boltzmann distribution - no Boltzmann F7 1,2 -_ J"=27.5,F,) 0,6

distribution, no temperature defined! All f(J=17.5,F,) X=17.5, F

spectroscopic methods used to determine internal - 8 J,-

temperatures rely on this assumption. Given that it a 0 J,17.5,F, + -J=35.5 0"M F 3
holds, one can also see how to measure internal 0. =7F

0.
temperatures - measure the population in two- .3.5F -0,2
different (e.g. rotational) levels, from which the 0 0,2
(e.g. rotational) temperature can be determined. ,-0

To see how these populations change as a function u400 600 800 1000 1200[ 1400

of temperature can best be seen using two

examples for NO, one for vibrational and one for Fig. 4 Rotational population fractions and ratios
rotational population distributions. Fig. 3 is a plot for two NO rotational levels as a function
of fraction of vibrational level population of temperature.
(normalised to v = 0 at 300 K) plotted against
temperatures up to 6000 K.

1.0 The second example, shown in Fig. 4, is a plot of
population fraction of the two NO rotational levels

0.-- J" = 17.5 and 27.5 discussed in chapter 2.1 (and of
.o • the level J" = 35.5) against temperatures up to

- 1500 K. Also plotted are the ratios of the twoS0.6-

0..o populations with and without consideration of the
"'@ J" = 35.5 level (f 27 5/(f 17 5+f35.5) and f 27.5/f 17.5,"C 0.47 ...

.o_ respectively).
0.2 v" V

"> -= • Neglecting the contribution from J" = 35.5, one
4 can estimate from the ratio f27.5/f17.5 the accuracy of

1000 2000 3000 4000 5000 6000 rotational temperature Trot determination: taking
temperature [K] the ratio for the case Trot = 1000 K, and assuming

Fig. 3 Vibrational population fraction fvfor an error in ratio measurement of 10% (quite goodF. viaratiousNOpuibrationfalle onfsfoafor single shot measurements - see later), one
variou No vibperationa vels aobtains an error in Trot of about 7%. Hence, these

two transitions, based on only this criterion, are

quite good for measurements at around 1000 K,

At HEG free stream temperatures of less than although it is clear from Fig. 4 that the J" = 35.5

about 1100 K, one can see that only levels v = 0 contribution cannot be neglected at higher

and 1 are substantially populated. In fact, the temperatures. These matters will be further

aforementioned e-bands arise from v = 1, so that discussed in chapter 2.4.
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2.3 LIF - two and three level approaches radiation is reduced (quenched) by other
processes. In the two level model, Q21 in the above

The method whereby one obtains the equation actually represents all processes not
abovementioned level populations needs to be leading to re-emission back to level I1>, viz. Q21,
looked at more closely. This is best done using the ADx(•,I>), Q and AD-A in Fig. 5.
two level LIF model: in brief, a laser is used to
excite NO from a lower level to an excited state, In the LIF experiments fluorescence signals Sf are
from whence a measurement of the intensity of re- recorded using either image-intensified cameras or
emitted fluorescence can be related to the original photomultipliers. Sf is related to Fin by
population in the ground state. The requirements
for this to apply, and the complications that may
arise, will be discussed here briefly. Fig. 5 shows a Sf = F 77n V i4
two level system involving two states I1> and 12>,

representing (v,J) levels in the NO X and D where V is the measurement volume, r7 is the
electronic states, respectively detection sensitivity (gain, filter losses, etc.) and

12> -- - Q/47i is the detection solid angle.
S\2\+

- D2E+
A,,joQ, Bo[3, BjA

B121 B211 A21 Q21 ADX(*ll>) Q AD-A�AQ BDA .

B~xI B0DI A0  Q DXA X A

Fig. 5 Two-level LIF model for NO. - X2I

Fig. 6 Three-level LIF model for NO.

In the case of weak laser excitation, where the
fluorescence signal F•, is proportional to laserintensity, one can write (see ref. 1, and references The proximity of the NO A state to the D state,
therein): shown in Fig. 1, complicates the situation, since itis also involved in energy transfer and removal

A21 processes - AD-x(#ll>), and AD-A - which influence
,= B21 E" g N f the proportionality of fluorescence signal to level

A21 + Q21  population. A three level system including the NO
A state is shown in Fig. 6.

where where B21 and A21 are Einstein coefficients
for stimulated and spontaneous emission from Here all processes for populating (absorption
state 12> to I1>, respectively, Q21 is the radiation- BDAI) and depopulating (spontaneous emission
less channel for level 12> de-population, Ela, is the ADA, stimulated emission BDAI and collisional
laser energy, g is the spectral overlap integral for quenching QDA) the upper D state, and also
absorption (representing the coincidence and corresponding processes between the A and X
bandwidths of spectral transition and laser - g = states (spontaneous emission AAX and quenching
g(Vabs, AVabs, Vlas, AVias)), N the NO density and f Qgx) need to be considered. Furthermore, at higher
the Boltzmann fraction for the lower level. The laser power densities and higher NO densities, a
term particularly efficient process called amplified

spontaneous emission ASE provides an efficient
A21  channel for energy removal from the D state. (This

qF = A21 + Q21 process arises from the strong pumping of the D
"state, leading to a population inversion between D
and A states, which produces an amplification of

is called the quantum yield, and lies between 0 and

1, depending on how strongly the fluoresence D -- A transitions in the direction of the D +- X
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pump laser beam.) Clearly all this can become
quite complex if all processes occur, but on the One needs to ask the question: under which
other hand, if one is not aware of them, using LIF conditions and with which assumptions do the
to do quantitative TLT can lead easily to erroneous above equations apply when carrying out single
results. shot TLT in high enthalpy flows? They are:

1. Linear fluorescence - requires laser excitation to
2.4 Two line thermometry TLT be weak.

2. No unaccounted-for loss processes - mass
To determine temperatures, fluorescence signals Sf balance between the two levels must apply:
arising from excitation from two different lower N1+N2=constant.
energy levels II> and 12> are measured, e.g. using 3. No RET - rotational energy transfer (RET) in the
the transitions e(0,1) R22(27.5) and F(0,1) ground state, falsifying the required thermal
(R21(17.5) + P11(35.5)) one would obtain a population, must be low (this needs be considered
rotational temperature. A ratio of energy and behind strong shocks in HEG).
wavelength corrected signals is formed: 4. Rotational dependence of quantum yields -

should not exist, or must be known and quantified.

/2Nf(ET)V 1 Q1 5. Laser pulse time form - should be as near to

R Sf,1 / E4rag, B, N Tj- q,1 rectangular as possible (does not apply fully to the
R = E2Ias = q2 ArF excimer lasers used in HEG).

B21,2  (E2, T) V2 rb47 qF,2 6. Fluorescence reabsorption - in the path through
the HEG test gas from excitation volume to the
detection system must be negligible (hence any

Cancelling, grouping together temperature- fluorescence ending in the v = 0 level of the X
independent constants (molecular and apparatus ground state must be suspect).
constants) and assuming there is no quantum level 7. Laser beam absorption - from the HEG test
dependence of quenching (qF,1l = qF,2) leads to section window to the excitation volume must not

AE
R =ce ekT occur (exciting the E-bands originating from v = 1

'c reduces this problem, but even v = 1 becomes
populated at T > 600 K - see Fig. 3).

where AE = E2 - El is the energy separation of the 8. Calibration cell conditions - must be such that
two states from which excitation occurred. To the calibration results can be carried over and used
obtain the temperature T, a calibration for comparison with the HEG results.
measurement in a test cell at known NO 9. Boltzmann distributions - must exist! This
concentration and temperature Tcal and using the assumption is the crux of both LIF and flash lamp
same experimental setup as for HEG is carried out: absorption measurements.

Rcai = ce-(AEIkTca). Setting the value To for the

characteristic temperature of the two states (To = The sensitivity of TLT is given quite simply by
AE/k), one obtains the measured temperature T:

AT TAR T AR

S(In R - In R,)R 1310R

= o TO where the value To = 1310 K has been inserted for

the two rotational levels J" = 17.5 and 27.5 for the
For the case that Tvib # Trot, the expression for R transitions e(0,1) R22(27.5) and E(0,1) R21(17.5).
becomes One sees immediately that at temperatures above

about 1000 K the relative accuracy of the ratio R
Akib AE1o_ measurement approaches that of the temperature

R=ce k=•,c e ken, sensitivity, so that, for a 5% temperature accuracy,

one needs an accuracy of 5% in R or about 3-4%
If one temperature is known, the other can be in Sf. This is not difficult in cases where signal
determined in a measurement as described above, averaging can be used, but for single shot work as
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in HEG where the short test time of 1 ms allows to lie between about 500 and 1100 K and NO
only one laser shot from each of the two lasers, concentrations are quite high, lying between about
this is most demanding. A general requirement for 1 and 8 x 1015 cm-3 .
greater temperature sensitivity arises out of the
above: T << To. This is desirable, but, as in the
case of HEG (see later), not always possible to 3.2 The heated calibration and test cell
achieve.

A special NO-containing test cell was designed
and constructed to carry out NO spectroscopy

3. EXPERIMENTAL TOOLS measurements, to check the various assumptions
and approximations in using TLT, to carry out
time resolved measurements on NO quenching and

3.1 The High Enthalpy Shock Tunnel HEG to check imaging techniques when using 2D
spatially resolved PLIF (Planar LIF). Several

The HEG is a free-piston driven shock tunnel design criteria had to be met: 1. Temperatures
operating in the reflected shock mode. It has been encompassing the HEG free stream range - the cell
described in greater detail elsewhere (ref. 2). As can be heated up to 1300 K, 2. NO concentrations
shown in Fig. 7, a reflected shock creates high as in HEG free stream, and even lower to check
temperature and pressure conditions in the quench-free conditions; 3. Optical access through
reservoir (before the nozzle entrance), after which large windows to permit laser beam traversal and
the test gas expands through the nozzle to deliver imaging of 2D LIF signals using image intensified
the free stream conditions in the test section. The CCD cameras (ICCD's); 4. A flow system to
test time is about 1 ms. Also shown in Fig. 7 are ensure NO in the test volume is replenished
nominal conditions which have been calculated regularly; 5. Appropriate gas path and sizing to
using a non-equilibrium Euler code for the free make sure the gas temperature is as high as the
stream and the reservoir - these conditions apply to heated ceramic tubing (where the thermoelement
the old contoured nozzle in HEG, with which most temperature is measured) and is homogeneous; 6.
of the LIF testing was carried out. Conditions I and Design of cell geometry to enable it to be placed in
Ill are low pressure, with high and low specific the HEG test section for LIF calibration purposes.
enthalpy, respectively, and II and IV are high (5. is difficult at very low NO pressures.) The test
pressure, also with respective high and low and calibration cell is shown in Fig. 8 in position
enthalpies. Free stream temperatures are calculated in the HEG test section.

HEG setup and experimental conditions .. 0".laser beam

p Cston ditons test cII"II

Scormpression tube shock. ,r........ test[IHG~w.•• tl I
air reservoir shock tube nozzle .. lion H Gwn

p. IMPal 40 90 45 110
T. [K] 9100 9700 7300 8100

Nominal conditions T. [K] 790 1040 550 720
for the contoured h. [MJ/kg] 21 22 13 15

nozzle u. [km/s] 5,9 6,2 4,8 5,1 z

N2 [100"cmj] 26,1 56,6 44,0 95,6 t
02 [10'scmr 1,1 4,3 7,6 18,0 section
NO [10"cm'] 1,1 3,0 3,9 8,4

Fig. 8 Calibration and test cell shown installed
Fig. 7 The High Enthalpy Shock Tunnel HEG. in the HEG test section.
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The view is shown in flow direction in HEG. The reference cell. Energy momitors, as described in
cell is introduced via a trolley into the test section chapter 3.3, are also installed here. The setup with
and rotated 900 so that both windows face the test just one laser is shown in Fig. 10.
section openings left and right. Laser beams enter
top and bottom. More details on the test cell are to OMA aperture

be found in Ref. 3. a t energy d=4mm laser.-
ll m onitor 1 e nr g

monitor 2 reference
3.3 The LIF laser apparatus for HEG cel

The LIF apparatus, as used on HEG, is shown in MA

Fig. 9. (It is described in more detail in Ref. 1.) test cell

(4J Fig, lO The LIF apparatus for tests in the
Ir i calibration cell.

call 3.5 Filter for LIF measurements behind shocks

20cnm.e( u The captured NO fluorescence signals after laser
(3 a 2)flter excitation at -193 nm extend over a UV

z Y " Wwavelength range of about 193 - 300 nm. To
reduce influences in HEG from emission behind

Fig.9 The HEG LIF apparatus. shocks (see chapter 4), it was necessary to have
special optical filters made which are tunable over
a small range in the deep UV, have high

Two formed (e.g. as sheets) laser beams from suppression factors (-106) and avoid fluorescence

tunable ArF excimer lasers, operating at a signal distortion so that imaging can be carried

wavelength tunable in the range around 192.9 - out. The compound filters consist of four

193.9 nm, counter propagate through the test reflection interference filters in a configuration as

section in the vertical direction. Some percentage shown in Fig. 11; by varying the angle o: over the

of each beam is split from the main beam and range 30 to 500, the reflection band width profile

diverted into the calibration cell for spectroscopy shifts as shown the figure, lower left. The

checks and calibration purposes. A small corresponding change of the measured

proportion of each beam is also split off and fluorescence spectrum from the NO laser-excited

recorded on an energy monitor (CCD camera). The v"=1 2 3 4

lasers are thereby tuned to appropriate NO
transitions and are fired one after the other with a -
small time delay (-ýts), and the ensuing --- /
fluorescence is imaged with a UV lens either
directly onto an ICCD for 2D fluorescence images I 40'35 35' 30

or onto the slit of a spectrometer coupled to an 80- 'i " 35

ICCD (functioning as an optical multichannel /lý 0
analyser OMA) for spectrally resolved images (see 460-40

images (2) and (1), respectively, in Fig. 9). 40

20 .
50'

3.4 The LIF laser apparatus for the test cell 190 20,0 210 220 200 210 220 230
wavelength [nm] wavelength [nm]

Much testing of TLT for HEG was carried on an
HEG mock-up, consisting of the calibration cell Fig.]] Filter to reduce background radiation in
discussed in chapter 3.2 representing HEG and a HEG LIF measurements.
further simpler test cell as calibration and
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transition e(0,1) R22(27.5) for these filter angles (upper trace, 1) shows an excerpt from the
can be seen to the right of the figure. spectrum in Fig. 12 over the wavelength range of

350 - 390 nm. Shown below are calculated spectra
for iron FeI and Fell species at temperatures of

4. EMISSION SPECTRA IN HEG 6000 (2a), 9000 (2b) and 12000 K (2c).

The gas temperature in the shock-heated region in
front of a cylinder at enthalpies of 22 MJ kg"1 can
be as high as 9000 K. The gas radiates very
strongly. To examine this emission, and to
ascertain what needs to be done to carry out LIF in
this difficult region, emission spectra in front of a ._
cylinder in an N 2 flow were measured over a set of ,
HEG runs at high enthalpy. The spectra were 360 370 380 390
normalised and packed together to give a wavelength [nm]
composite emission spectrum over the total
wavelength range of 180 - 850 nm. This measured Fig. 13 Measured emission spectrum (1)
spectrum is shown as 1 in Fig. 12. compared with calculated Fe spectra at

different temperatures: 2a. 6000 K; 2b.
Superimposed (2) is the NO fluorescence spectrum 9000 K; 2c. 12000 K.
shown in Fig. 11 (not to scale), with an arrow (,1)
indicating the excitation wavelength. One can see
that at wavelengths above about 220 nm the The coincidence of line wavelengths is quite good
emission is so strong that it would make extracting (e.g. 355 - 365 nm; 370 - 377 nm), but there are
NO fluorescence signals nigh to impossible. The clearly unidentified lines still present (e.g. 379 nm;
role of the filters discussed in chapter 3.5 and 388 nm). The relative insensitivity of the
shown in Fig. 11 is to suppress substantially this calculated spectra to vast changes in temperature
emission above about 220 nm. suggests that the technique of emission

spectroscopy is not suited to temperature
determination in these shock heated gases. The
abundance of Fe lines is not surprising; in any
hypersonic facility at high enthalpies there is
ablation of material (in HEG in the shock tube),

L.__ which is carried by the gas flowing through the
"nozzle and into the test section. The presence of
this material in the flow is an unavoidable evil in

"2 shock tunnels, making optical work difficult
S3 4 5 (depending on wavelength) and affecting heat

.ý I transfer measurements at high reservoir pressures.
200 300 400 500 600 700 800 The effect can be reduced somewhat by using

wavelength [nm] other materials than steel (the source of Fe), such

as copper alloys, but generally it can't be fullyFig. 12 Emission spectrum (1) of radiating gas removed and has to be contended with.

behind the shock in front of a cylinder in a

high enthalpy N2 flow in HEG. An
unscaled NO fluorescence spectrum is 5. LIF RESULTS FROM THE TEST CELL
shown for comparison.

The spectroscopy of NO after laser excitation atIf one can identify the source of the profuse 193 nm and most of the assumptions and

emission seen in Fig. 12 between about 220 and approximations discussed in chapter 2.4 on TLT

600 nm, one may be able to reduce it. Fig. 13
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have been exhaustively studied using an Having identified the lines, one needs to establish
experimental setup as shown in Fig. 10. All this the major criteria for suitable candidates for TLT
work will be exemplified by a few cases to be in HEG:
discussed here; much more detail is to be found in 1. Laser energy -the lines must lie in a wavelength
Ref. 1. region where there is sufficient laser energy, away

from 02 absorption bands;
2. Electronic states - due to their different

5.1 NO spectroscopy fluorescence yields, these should be the same for
both transitions;

A glance at the NO molecular energy levels in 3. Line intensities - should be high enough to be
Figs. 1 and 2 shows that excitation at 193 nm is detected in single shot work, i.e. high Einstein
quite complex. Indeed, over the tuning range of the coefficients and sufficiently populated levels;
ArF excimer laser (-193.9 - 192.9 nm - 51575 - 4. Single lines - the lines should consist preferably
51850 cm'), some 400 transitions have been of just one transition;
observed and identified in LIF measurements in 5. Energy separation - AE between the two lower
the test cell (Ref. 1). Excitation spectra measured quantum levels of the transitions must be as large
at temperatures 300, 500, 700 and 1000 K are as possible (see chapter 2.4);
shown in Fig. 14. At temperatures below 500 K 6. Vibrational temperatures - can only be obtained
only the v=0 vibrational state is appreciably from lines having different lower vibrational levels
populated, so that the f3(7,0) (and y(3,0)) (obvious, but not trivial, since the tuning range of
transitions predominate. Above 500 K the E(0,1) the lasers is very limited).
and y(4,1) (and at even higher temperatures even
y(5, 2)) transitions become stronger. With these criteria, and taking into account the 400

identified transitions, not too many candidates

The transition line strengths for the E-bands are appear: Two line pairs were chosen for TLT

about 10x stronger than either the P3- or y-bands, measurements in HEG, one for rotational

making them a logical choice for single shot work temperatures Trot:-

in HEG. (Their disadvantage lies in their quicker
saturation at moderate laser power densities.) 1. s(0,1) R22(27.5) 51696.2 cm-12. •(0,1) (R2 1(17.5) + Pli(35.5)) 51636.5 cm-'

and the other for vibrational temperatures Tvib:-

3. y(3,O) Rll + Q21 (45.5) 51746.7 cm-1
4. y(4,1) Ra1 + Q21 (27.5) 51746.7 cml

S!Wavenumbers of each transition are shown. The
two transitions for Tvib determination are exactly
coincident, so that both transitions are excited by
the one laser pulse.

500 K

300 K I 5.2 Fluorescence signal correction
51600 51650 51700 51750 51800

wavenumber [cm']

In TLT using two lasers there will be differences
Fig. 14 NO excitation spectra at various in the energy, spatial and spectral (!) distribution
temperatures (upper trace - laser output showing of the two laser beams. These must be known or
02 absorption "holes"). measured, and used to correct the fluorescence

signals. 145 separate LIF measurements were
carried using the setup of Fig. 10 with the test cell
containing 100 Pa NO and at a thermoelement
temperature Ttherm of 980 K for each of the two
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6F------ 0 --------

transitions 1. and 2. identified before in chapter a)1.8 .
5.1. Fluorescence signals were either left C-

o _ _ _._ . - ...................
uncorrected, corrected with an energy monitor or V 1.4
corrected with the fluorescence signal obtained o
from the second reference cell (with 500 Pa NO
and Ttherm = 610 K). Each of the fluorescence a )-Ma --M-- v"=l
signals from the one transition was combined with " -*- v"=2

each of the other transition, so that 1452 (=21025) E 0.6 . A

fluorescence ratios and therefrom temperatures -v- v"=4
could be determined. These are plotted as 0.11 1. l1
temperature histograms in Fig. 15. NO density [101" crnm

1750 Fig. 16 Normalised fluorescence versus NO

1500 density showing reabsorption effects for
1250 T=980K lower v

N, = 7 10" cm-'

7r50 One sees here that while the strong reabsorption

500 for emission to v" = 1, even at low densities,
250 makes fluorescence measurements to this level

0 .... ........ unsuitable for TLT, fluorescence to levels v" = 3
and 4 is unaffected. In fact, for the estimated HEG

800 900 1000 1100 1200 NO densities lying in the range 1 - 8 x 1015 cm-3
temperature [K] (Fig. 7), and for the given HEG test section

Fig.15 Temperature histograms for corrected and geometry, reabsorption of fluorescence to the

uncorrected LIF signals. levels v" = 2, 3 or 4 is at most 1%. To be sure of
minimising these effects, only v" = 3 and 4
fluorescence is used in all further TLT work.

Histograms 1, 2 and 3 pertain to correction using
reference cell fluorescence, energy correction and
no correction, respectively. An energy correction 5.4 Linear fluorescence
alone obviously is hardly an improvement, so that,especially in single shot work, a reference Fig. 17 shows reference cell corrected
fluorescence correction is mandatory, fluorescence signals in the test cell (setup as inFig. 10) at three temperatures as a function of NO

pressure for transitions 1. (open symbols) and 2.
5.3 Fluorescence reabsorption (closed symbols), as defined in chapter 5.1.

Symbols: circles and diamonds refer to

The fluorescence from the laser excited NO in the measurement of fluorescence transitions D21+(v' =

test volume must usually pass through regions 0) -- X2I-(v'' = 3,4) and A21+(v' = 0) -- X2fl(v" =
containing NO which can reabsorb the 3,4). Even though there is a linear relationship
fluorescence, hence falsifying the signals. Its effect between fluorescence intensity and NO density in

must be known. To examine this, transmission of the range relevant for the HEG free stream (0.1 -

fluorescence through the test cell at various NO 0.8 x 1016 cm73), one can see that this relationship
densities and at a temperature of 1050 K was is not held at higher densities. Here quenching and,

measured for emission to the lower vibrational especially at high laser power densities, ASE (see

levels v" = 1, 2, 3 and 4., The laser-excited chapter 2.3) play a role.

transition 1. (chapter 5.1) was used. Results are
shown in Fig. 16, where fluorescence normalised The lesson here for HEG free stream TLT work is

to the value for v" = 4 is plotted against NO that low laser power densities should be used, even

density. at the trade-off of spatial resolution (no laser
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sheets). This will be further exemplified in chapter 1.0

5.6. 0.8 ,v")

0 2 4 6 desity -600 K
R[190 cm] " 0.6-• "(RI T 1 50 >E - --1150K I."-.con2 0.s9R.= 0.4 •(~"C

to 0.2
00

0 0,1 1 100 0 p re s su re 1 016. density [cm -3
0 2 4 6 8 10 [mnbar]1Q6,dnty[m3

0 2 4 6 density Fig.18 Calculated quantum yields for NO D and

115 0 K -[10 cm I A states versus NO density at three

,n2 0 temperatures (Ref 5)..a,
0

0100 Even if qF << 1, a glance at the derivation of the
equations for TLT in chapter 2.4 had assumed that

S0pressure qF,1 = qF,2, so that the actual values of qF didn't

0 2 4 6 8 10 Imbar] matter, as long as they were the same for both

0 2 4 6 density states 11> and 12>. This is an important requisite
J[10 cm] for use of TLT as used here. Unfortunately very

. T 2little is known about quantum level dependence on
o20 quenching of these NO excited states, so that tests

had to be carried out to determine a(A) and T(D),

S 1 00, using our familiar transitions 1 and 2.

0
p,__ ressure laser beam photodiode

0 ( 2 6 8 1,0 [mbar] mirror

cylindrical lens
Fig. 17 Corrected fluorescence signals versus NO

pressure for three temperatures (Ref 5).

5.5 Quantum yields camera lens
Qespectrometer slit

Quantum yield was defined in chapter 2.3 as "spectrometer
A21 streak slit

IF = + Fig. 18 shows a calculation of qF COD camera streak camera with image intensifier

as a function of NO density for three temperatures
for the states D21+ (V = 0) and A21÷ (v' = 0). Fig.19 Apparatus to measure NOfluorescence
Literature values (see Ref. 1) for quenching cross lifetimes and quenching using a streak
sections (T(A) = 44 A2 and (T(D) = 83 A2 were camera.
used. This shows that qF[E(,V")] > 0.95 for all
temperatures for HEG free stream NO
concentrations. To do this, the experimental setup, shown in Fig.

19, coupled the test cell with a detection system
consisting of a UV lens, a spectrometer and a fast
streak camera capable of time resolved
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fluorescence measurements with nanosecond background signal) were fitted to the experimental
resolution (Ref. 4). With this setup time resolved plots in Fig. 20 at late times to avoid having to
fluorescence measurements of NO at two carry out complex deconvolutions with the laser
temperatures (1157 and 1277 K) and various gas pulse form (l/, laser 17 ns). Fluorescence
pressures (100 Pa- 20 kPa) for mixtures of NO andN2 etwen1 ad 10%were carried out. Typical lifetimes 'r are then plotted logarithmically versus
N2 between 1 and 100% NO pressure (mbar) (Stern-Volmer plots), from

which the natural upper state lifetimes tnat and
0 -0 quenching cross sections ax (X = NO, N2) can be

determined (see Ref. 4). A typical Stern-Volmer
plot for measurement of fluorescence A2Z÷(v' = 0)

2 -4 X2fl(v" = 1,2) after excitation using transition 1
at temperature 1157 K and with pure NO is shown
in Fig. 21. The following table shows the results
for Tnat, cTNO and YN2 for the D21÷ (v' = 0) state fori ' ::.. , 175 1".. ' \ " -176

2,, the two rotational levels J = 27.5 and 17.5,
190 ?,nm 253 190 Vnm 25 obtained from an analysis of a multitude of Stem-

Volmer plots as in Fig. 21.

c(0,1) R22(27.5) F-(0,1) R121(17.5)
______ 1157 K 1277 K 1157 K 1277 K

tnat (ns) 16.5 17.5 20.7 18.8

- .. NO (2) 46 64 75 62

S1 _1 aN2 (A) 42 42 30 50
1 90 nm 253 I190 Vnm 253

a One sees that yNO and GN2 are different for the two

__ rotational levels! Having obtained these
S_ experimental values, and using calculated values

of NO and N2 concentrations in the HEG free
stream, one can now finally assess the inaccuracy
introduced by the assumption qF,1 = qF,2 made in

17517 chapter 2.4. The quench rate of NO by species i is
-7-17 given by Q2 E N fivi where Ni =190 Vnm 253 190 mnm 253 1 we N

Fig.20 NO quenching seen in different time concentration of species i, ai = quenching cross
resolved fluorescence measurements (see section and vi = average velocity of species i
text). (v1 = [8kT/zNo~i, k = Boltzmann's constant, T

= temperature, gNO-i = reduced mass of collision

Here the horizontal axes represent wavelength pair NO and species i). Using measured values ofHerethehorzontl aes eprsentwavlenth YNo and cYN2 to determine Q21 and therefrom qF,

from 190 - 250 nm, the vertical axes time from 0 to then ratios of qto/qF,2 can be determined for the

175 ns. Upper traces: transition 1, 1227 K, NO HEG run conditions. These ae esummarised in the

200 Pa (left), N O 1 kPa (right). M iddle traces: foll owing table:

transition 2, 1157 K, NO 500 Pa (left), NO 500 Pa following table:

+ N 2 19.5 kPa (right). Lower traces (for HEG condition I II III IV
comparison): transition (3,0) R11 (43.5), 1157 K, 500 K 1.05 1.08 1.05 1.09
NO 500 Pa (left), NO 500 Pa + N2 19.5 kPa (right). 57 K 1.08 1.12 1.08 1.12

Functions of the form ftheor(t) = Ioe-t/%a + B qF,1/qF,2 1157 K 1.08 1.12 1.08 1.121277 K 1.08 1.13 1.09 1.13
(1o is the original fluorescence signal intensity at t
= 0, "nat the natural fluorescence lifetime and B the
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It can be seen here that the assumption that qF,1 = 22, where percent transmission for the two
qF,2 would lead to errors in forming fluorescence transitions 1 (open circles) and 2 (filled circles)
ratios of about 5 - 13%; in the best case, one can are plotted for eight shots in sequence of
ignore this effect and accept the larger error, in the performance in HEG at low (-40 MPa) and high
worst a correction for qF,1/qF,2 would need to be (-100 MPa) pressure conditions. (The high
made. pressure conditions are identified in the figure

with Roman numerals HIand IV.)
90
70 60-

50,
. 40

C --4

S 2 0 V I IV

30 1 - II

T1 0-
-T- 0 139 140 141 142 143 144 145 146

o 2 4 6 8 10 HEG shot

P[NO/mbar
Fig.22 A sequence of HEG shots showing

Fig.21 Stern-Volmer plot for NO A -- X reducing transmission due to flow
fluorescence at 1157 K. contamination.

5.6 Laser beam transmission At the first shot (#139) transmission was only
about 55%, and by the last shot (#146) it was

Absorption of the laser beam on its path to the test almost down to 0%. The drastic effect of high
volume not only falsifies results, but, if severe pressure shots can also be seen; the transmission
enough, can reduce fluorescence signals to below drops rapidly. This correlates with the findings
detectable levels. Laser beam transmission that ablation of materials in the tunnel is much
measurements for transitions 1 and 2 in the test greater with high pressure shots. LIF
cell with NO densities below 1 x 1016 cm"3 and at measurements at these high pressures are most
the highest temperature (1150 K) showed that difficult, either one needs to measure transmission
there is a negligible effect. This is mainly due to in situ, or choose test times very early in the flow
the use of NO transitions arising from high before the contamination arrives.
vibrational (v" = 1) and rotational (J" = 17.5, 27.5)
levels, which, even at 1150 K, are thermally not
strongly populated (see chapter 2.2). This is one 5.7 Saturation of fluorescence
advantage of using e-band rather than y-band
excitation of NO - the latter originates from the v" If one pumps an NO transition too hard (laser
= 0 level, where considerable laser beam power density is too high and/or quantum level
absorption occurs. population is very low and/or transition moments

(Einstein coefficients) are very large), it is possible
There is another source of laser beam extinction to empty the level during the time of the laser
which causes problems - scattering by particulate pulse, so that further incoming photons don't lead
matter in the flow. This is a typical problem with to a further excitation of NO. The linear
high enthalpy facilities and was referred to before dependence between fluorescence signal and laser
(chapter 4) as producing the strong emission power no longer holds, and, in the worst case,
behind shocks. Its effect is the same as that due to further increases in laser power lead to no further
absorption - less of the laser beam reaches the test fluorescence signal increase - complete saturation
volume. This is illustrated most graphically in Fig. has occurred. Our transitions 1 and 2 have Einstein



7B-15

B coefficients of 999 and 406 cm J-1, respectively, which excitation occurred. For our transitions 1
and both rotational levels J" = 17.5 and 27.5 are and 2, AE/k = 1310 K. Fluorescence measurements
quite high and therefore not highly populated (see were carried out (Ref. 5) at four different NO
Fig. 4). Therefore, at higher laser power densities, concentrations nNo (1, 3, 5 and 8 x 10i5 cm3 ) and
one may expect saturation effects to occur, more with 5, 10 and 100% NO/N 2 mixtures. Boltzmann
so for the transition 1 than 2. This is indeed the plots are shown in Fig. 24 for only two nNo (upper
case, as is shown in Fig. 23 (from Ref. 5), where plot - nNo = 3 x 1015 cmr3; lower plot - nNo = 8 x
fluorescence signal measured in the test cell (1100 1015 cmr3). Lines of best fit for each mixture are
K with 500 Pa NO) is plotted against laser energy
density for both transitions 1 and 2 (for 1000 800 600
comparison, the dashed line shows the expected
behaviour for linear LW). * 100% NO

/ 10%NO
_. .<...---ilinear LIF e _ 5%NO

.LD)

C e0 2

a El [] (0,1)R22 (27,5)
0

040 8

energy density (J m)0,0010 0,0014 0,0018 0,0022

Fig.23 Fluorescence signal vs. laser energy 1000 800 Th[]600
densityfor NO at 1100K and500OPa (Ref. 1). \

•18 1 00% NO

Deviation from linear LIF starts to become severe e- •_ A 10% NO
at energy densities above about 10 J mr2 (which 1 %N

corresponds to a laser power density of -700 MW
rnf2) . To avoid saturation effects, energy densities 0

below this value should be used. The trade-off for 0,
linear LIF, especially for transition 2, is the a
reduced fluorescence signal intensity, which may

00

be critical with single shot TLT in environments o-Z
such as HEG where signals are quite weak =e

anyway.

5.8 Fluorescence signal Boltzmann plots 7
0,0010 0,0014 0,0018 0,0022

Armed with what has been learnt so far, the best1Y [1
proof of TLT in the test cell is to plot fluorescence
signal ratios for transitions I and 2 logarithmically Fig.24 Boltzmann plotsfor two NO densities

against inverse temperature (Boltzmann plot) - the (upper - 3 x 1015 crn-3 ; lower - 8 x 1015
slope should be equal to AE/k, where AE is the crn3) and different NOAV2percentages.
energy separation of the two energy levels from
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shown, as is the expected result with the slope believed to lie above Ttrans; vibrational relaxation
1310 K. Deviations can be seen to be larger for the freezes early in the nozzle flow.
higher nNO.

If one now plots the slopes of the fitted lines in 6.1 Rotational temperature Trot
Fig. 24 for each mixture as slope (in K) versus NO
density, one obtains the result in Fig. 25. This Using the experimental setup shown in Fig. 9, and
encouraging result shows that over the nNo range 1 with the two detection systems (one for each laser)
- 8 x 1015 cm"3 (HEG free stream), the deviation configured as OMA's, spectrally resolved
from 1310 K is quite small for 5 and 10% mixtures fluorescence spectra were obtained in the HEG
(which also corresponds to the HEG case). The free stream at various run conditions after laser
100% mixture result lies furthest from the excitation of NO using transitions 1 and 2.
expected line; the reasons are not clear, but may be Measured fluorescence spectra are shown as
due to experimental difficulties in dealing with fluorescence intensity in counts against
low gas pressures in the test cell and wavelength for transition 1 (left hand side) and 2
concommitant uncertainties in the temperature. (right hand side) in Fig. 26. Also indicated are shot

conditions (I - IV - see Fig. 7) and shot numbers
1600 139- 146.

1200A •IV - ' ' 146

C II AAAP I 145
0

S 800- AElk =1310 K 0 I _,.,,._-_ J F _ ' 4

-1-- 100% NO A ,, , . IV '. ' ' 144
0 -0o- 10% NO [^ ,

"400NO C , 143
-- 5% NO

NOdensily((O" cm') ,I 14 1 1 k

Fig.25 Measured Boltzmann plot slopes from Fig. 0i 1 jJLKA, ') 139
24 versus NO density at different NO/N2  180 200' 2200 240' 2600 280 200 220 240 260 280

percentages. wavelength [nm]

Fig. 26 Measured NO fluorescence spectra in

6. LIF RESULTS IN HEG - FREE STREAM HEGfor eight shots at four conditions.

FLOW

These results were analysed using the method

LIF measurements were carried out in the HEG outlined in chapter 2.4 for TLT to yield Trot in the
free stream flow with various run conditions to HEG free stream, as shown in the following table:
determine rotational and vibrational temperatures
using TLT. Trot is of interest since it represents the shot cond P0 h0  NNO Ttheor Trot
"inner" temperature most likely to mirror the gas (MJ (1015"translational temperature Tmost , which is difficult to - - (MPa) k -1) cm3) (K) (K)139 I 38.8 21.8 0.96 763 710
measure with any accuracy by other means 140 III 44.7 13.2 3.85 552 620
(although line-of-sight absorption techniques using 141 II 84.9 22.7 2.61 1026 •
laser diode absorption of NO and of a seed species 142 I 38.8 21.0 1.10 791 980
rubidium have delivered translational 143 I1I 40.0 12.0 3.86 475 630
temperatures, albeit only to an accuracy of ±20% - 144 IV 105 11.6 1.04 559 *

see Ref. 6). For Tvib, based on nozzle flow 145 II 68.3 21.0 2.48 903 *

calculations using a simple Landau-Teller 146 IV 97.3 14.4 7.63 703 480
approach for vibrational relaxation of NO, Tvib is (* temperature evaluation not possible.)
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Reservoir pressure p0 and Trot were measured, laser to 51746.7 cmr-. This is shown pictorially in
specific enthalpy h0, NO concentration NNO and Fig. 27 in an energy level diagram which includes
temperature Tteo, were calculated using a chemical the rotational manifolds.
non-equilibrium computer code for nozzle flows
(see Ref. 1). The agreement between Trot and Tthieor The measured fluorescence spectrum F•(X) is made
is not good, there being scatter in both directions. up of the sum of components from the A21' (v' =
The main reason for this is that these 4) and A2 25 (v' = 3) upper states, F (/%) and
measurements were performed before the 4

substantial tests on TLT in the test cell (chapter 5) F(,) (Z), respectively, weighted with linear,
had been carried; these latter tests were indeed temperature-dependent factors P'(T)and ce(T):
triggered by the poor agreement between measured
and theoretical temperature results. F4 () F 2(T)F + -- T- F 27.5y(A = a(T) 7(35.5 + Y(4,,72"5

6.2 Vibrational temperature Tvib Since the two transitions 3 and 4 are coincident, it
is not possible to measure them separately.

As mentioned in chapter 5.1, there is a chance However, neighbouring transitions from the same
overlap of two NO transitions, one originating in band can be used to measure similar single line
the v" = 0, the other in the v" = 1 vibrational states: spectra at various temperatures in the test cell,
3. y(3,0) Rl1 + Q21 (45.5) 51746.7 cm"1  from which the factors a'(T) and 13'(T) can be

4. y(4,1) Rll + Q21 (27.5) 51746.7 cm"y determined. A further complication is the possible
Both transitions 3 and 4 are excited by tuning the difference (thermal non-equilibrium) between Trot

and T~ib in HEG (in the test cell they are the same,
A!I*(v'=4) of course). The relative population 4(Tvib, Trot) of

56000A(v=3)_ the two lower (v",J") states, X2F1(v' = 1, J" = 27.5,
55000 F1 and X2Fl(v" = 0, J" = 45.5, F, is related to Tvib

5500and Trot by the following equation (where the
constant is to be determined from the test cell

54000 I calibration measurements at different
-- temperatures):

53000•-

f•(v= 1,J= 27.5, FI)

52000o Ii i-,rot.IfV O::•_-- • (v =0, J = 45.5, FI)

E
_, -= const.

a (T)

-U ___E___ AE,.,_

3000= 0.61 •eL Ur. fo,ýf

2000 -- Fig. 28 shows a calculation for Trot = 800 K and
_ X21(v"=l) various Tvib between 800 and 2500 K, where one

1000 can see how the fluorescence spectra change. Also
indicated in the figure with two arrows (,-) are two

0 fluorescence lines, one being sensitive, the other
X2II(v"=0) insensitive to temperature variation.

Fig. 27 Chance overlap of two NO transitions A comparison between a measured fluorescence
used for vibrational temperature spectrum in the HEG free stream and one
determination (Ref. 1). calculated using the above-described method is

shown in Fig. 29. The arrow (,-) shows the
excitation wavelength.
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2000-
_ 0. 3 /HEG Tb = Tt, 800 K

b ~ y(4,v") .38o 'z
V" b 4 4 3 K•( ,V)• 1800- A .

v" b •1 y(3,v") j 1600-
200 220 240

01400-

01200-3
o=•_ ,_2•0K •E1000-

23 800- T•= 3500 K0 1/ OK 2 600-roro
036

L --~ . fl r a lc u la t io n

1000 K 400 N

500 1000 1500 2000 2500 3000 3500 4000
8 0K vibrational temperature TVb [K]

200 220 240

wavelength [nm] Fig.30 Contours of relative populations ý(Tvib,
Trot) as a function of T~ib and Trot.

Fig.28 Calculated NO fluorescence spectra at Trot
= 800 K at various vibrational
temperatures. In this figure a family of contours for values of

ý(Tvib, Trot) lying between 0.03 (Trot >> Tvib) and
100 (Trot << Tvib) has been plotted. The thermal

The agreement between measured and calculated equilibrium case, Tvib = Trot, is plotted as a straight
spectra is quite good. From this fit a value for the line, along with an inserted spectrum for the case
relative populations of both levels could be Trot = Tvib = 800 K. The grey region labelled HEG
determined: represents the result as measured (0.7 ± 0.2) with

no assumption regarding the value of Trot. If one
M(Tvib, Trot) = 0.7 + 0.2. assumes Trot = 800 K, the error bar (I-I) represents

the range of measured and predicted values of Tvib.
-- HEG measurement The symbols in the figure for (Tvib,Trot) represent
.. simulated spectrum values calculated by various workers (see Ref. 1)

for NO, 02 and N2 vibrational non-equilibrium - all
predict Tvib >> Trot. For comparison, the calculated

,,8 fluorescence spectrum for the case where Tb =

0 •3500 K and Trot = 800 K is inserted in the figure.
II, ,Here values for j(Tvib, Trot) would lie between 5

I and 100 (!), which is well above the measured

value of 0.7 ± 0.2. Although the results would
S230 220 240 260 seem to indicate thermal equilibrium, there are

wavelength [nm] some reservations: above all, only two levels with
two low v" (with small Av") and two high J" (with

Fig.29 Comparison between measured (in HEG) large AJ") could be interrogated. Whether these are
and calculated NO fluorescence spectra representative of the distribution over all levels is
obtained from simultaneous excitation by not known. Furthermore it is known that non-
one laser. equilibrium distributions amongst vibrational and

rotational levels exist in rapidly expanding gas
flows (see Ref. 1).

If Trot were known in HEG, then Tib could be
determined. Since both for the present must be
treated as unknowns, one can represent this result
pictorially as a contour plot of ý(Tvib, Trot) as a
function of Tvib and Trot. This is done in Fig. 30.
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7. LIF RESULTS IN HEG - MODEL FLOWS This configuration affords a ID spatial resolution
along the slit. In the results of these measurements
for an HEG shot at condition II, four regions can

Many LIF measurements have been carried out in be identified, as shown in Fig. 31 in the
HEG, leading either to spectrally-resolved experimental setup and in the experimental results
fluorescence spectra or 2D field measurements of (right hand side): 1. Region of shock heated gases
fluorescence. The former have been used to study where laser is blocked by model; 2. Behind the
the free stream and also to ascertain how to obtain shock with laser excitation of NO; 3, In the free
sufficient fluorescence signals from behind strong stream, with laser beam; 4. In the free stream, no
shocks; the latter have yielded information on flow laser beam. (The experimental result is an image,
visualisation (shock positions) and 2D resolved as recorded on the ICCD camera, with
temperature field measurements around models in spectrometer dispersion (i.e. wavelength) in the
the HEG test flow. The results of tests with these vertical direction and spatial resolution (along the
models - HERMES space glider, cylinder, sphere, slit) in the horizontal.) The expected NO
blunted cone (planetary probe) and the Japanese fluorescence spectrum can clearly be seen in
space glider HOPE (HII orbital plane) - are region 3, whereas region 2 is harder to resolve.
presented here.

By laying vertical profiles through the regions 1, 2
and 3 for the result shown in Fig. 31 and for two

7.1 HERMES - European space glider other HEG shots, the spectra shown in Fig. 32
were obtained.

laser sheet

4- 4p 4 3 2 112 50 84 80 'I .. . .1000t 60 . ]I
i im soi

280- 75o . . . . .75flow 2 2Soo •' 1 2

500 I I I 20 3
4lt 3i 260-' 0

22- 20 20 240
12- 81 8
1000 60

5" 275

j-- distance y [mm] 25
200 220 240 220 280 200 220 240 260 280

XWavelength [nm] Wavelength [nm]

Fig.32 Spectra from HERMES for regions 1, 2
Fig.31 LIF measurements on HERMES in HEG and 3 (see Fig. 31)for three HEG shots.

(condition II).

Shots 81, 82 and 84 were at conditions I, I and II,

In the late 1980's and early 1990's HERMES was respectively. Camera gates were between 30 and
a joint European development for a space 50 ns. Laser excitation occurred at the line
transporter. Tests with models were carried out in wavelength shown in the top right hand spectrum
HEG at conditions I and II. One laser, formed to a by a vertical arrow (•,-). In shots 82 and 84 (and
sheet, was made to pass in front of the model, less so in 81) one can clearly see the NO
tuned to a strong NO absorption line. The fluorescence spectrum after exciting transition 1 in
fluorescence emission was captured with a UV region 3. For all three shots there is no indication
lens and focussed onto the OMA entrance slit (as of a fluorescence signal in region 2 at those
in Fig. 9), which was placed transverse to the wavelength positions (indicated by dashed lines)
sheet. Fig. 31 (left hand side) shows the where it should occur. There are a few possible
experimental setup, reasons for this: first, the very limited resolution

afforded by the OMA setup (slit width was 280
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gm) coupled with the very small shock stand-off 50 ns), vertical spectral profiles for regions 2, 3
distance (<3 mm) in the stagnation region in front and 4 are shown in Fig. 34.
of HERMES may prevent the weak fluorescence
lines from being seen. Secondly, at the higherShot 235 - 4 00 Shot 234

densities behind the shock, fluorescence quenching .
would also play a more major role. Finally, the 2 3 3

strong emission behind shocks (see chapter 4) may o
mask any weak NO fluorescence signals. To 2' 2

overcome the spatial resolution problem, tests with § , ,22 240 2,0 200 220 240 260

a cylinder having a larger shock stand-off distance wavelength [nm] wavolength [nm]

were carried out. Fig.34 Spectra from the cylinder for regions 2., 3.
And 4. (see Fig. 33)for two HEG shots.

7.2 Circular cylinder

A cylinder with diameter 90 mm and length 500 Region 2 in both shots 235 and 236 is sooner or

mm was placed in the flow with its axis later saturated (commencing at position of vertical

perpendicular to the flow direction. The optical arrow "); even before saturation, no fluorescence

set-up was identical to that shown for HERMES lines are to be seen. One reason for this is the

(chapter 7.1). Laser excitation occurred either via width of the laser sheet (0.5 mm) relative to the

transition 1 or 2, or via a. strong group of mixed integrated length over which the background

lines (E(0,1) QII(32.5) + P21(32.5) + R21(21.5) + emission is seen (500 mm). Even the small camera

R11(26.5) + Q21(26.5)). Gates were either 50 or 300 gate of shot 236 was not sufficient to improve

ns. The experimental set-up and one of the significantly the fluorescence-to-background

recorded results (shot 236, group of lines, 150 J, emission ratio. Region 3 for shot 236 shows the

50 ns gate) are shown in Fig. 33. free stream florescence lines, as in region 4, but
overlapped especially at higher wavelengths with

S270 the background emission of region 2, even though
lasersheet one is in front of the shock! The region 2 emission

shock is so overpowering and intense that it either
:250 scatters off matter in the free stream upstream of

flow 2440 ithe shock, or by blooming or other optical effects
extends into the upstream region. Due to its long

Uye SPintegration length and the narrow laser sheet
.54 3 2 11 dý-90mmV 02 •,,€depth, the cylinder is not suited for LIF behind the

210 shock.
y-axis

z y-o
190 7.3 Sphere

-5 -ýo -40 -30 -20 -10 0

X distance y from cylinder [mm]

To reduce the long integration lengths of the
cylinder (chapter 7.2) and increase the laser depth,

Fig.33 LIF measurements on a cylinder in HEG. sphere (radius 80 mm) tests with expanded laser
beams were carried out. Three shots, all at
condition I, all with one laser (90 mJ) fixed on the

Here five regions are identified, the free stream group of lines (see chapter 7.2) and with gates
flow region with laser beam (region 3. In Fig. 31) from 5 to 20 ns were carried out. In shot 259 the
being further split into two regions. In region 3, laser sheet was focussed to a sharp waist, in 260
even though one can see the NO fluorescence and 261 the beam was expanded to a size of 50 x
lines, they start to become overlapped with 21 mm2, with the 50 mm being in the direction of
background emission at the higher wavelengths, integration with the cameras. This is shown in Fig.
For two shots 235 (transition 1, laser energy 50 35, side-on view top right, and front-on view
mJ, 300 ns gate) and 236 (group of lines, 150 mJ,



7B-21

bottom left. Two OMA slit configurations were 8 free stream (1) 4000 . transition region (2)

used, one transverse to the laser beam (as in Figs. 400
31 and 33), and one along the beam direction. 2000

~aserI ~400
Ela.shock k 0 200 220 240 260 0 200 220 240 260

stagreone region
40 parallel to laser beam (3) normal to laser beam (4)

. 2 Z 4000 4000

waven gmth -m!2002 2000•o.O
200 220 240 260 2 2 0

waeent nm l y "t"- O 200 220 240 260 0 200 220 240 260

wavelength [nm] wavelength [nm]fl.ow(T 200-
220- Fig.36 LIF spectral profiles for the four regions

YL~x+~ -in three HEG shots.
A 240-

OMA A2 cA 2 .• 260-
20 These spectra show all too clearly the

y-separation disadvantage of focussed (shot 259) compared

with defocussed (shots 260 and 261) laser beams.
Fig.3s LIF measurements on a sphere in HEG An improvement in NO fluorescence/background

using two different OMA slit alignments, emission intensity ratio by about a factor of 20 was

chiefly due to: 1. Defocussing the laser beam; 2.
Using a strong group of excitation lines; 3. Using

The resfgultsornshot 261harealsobshownaforbot very short camera gates; 4. Use of a sphere rather
OMA configurations, where, in both cases, one than a cylinder.

can see NO fluorescence behind the shock. This is

especially evident where the slit is in laser beam These tests were carried out with just one laser, so
direction, where fluorescence from the free stream that an attempt at TLT could not be undertaken.
can also be clearly seen. This is the first recorded Furthermore, to use TLT behind a shock with
case of measured NO fluorescence behind a strong temperatures of over 6000 K, the presently
shock at high enthalpies. available transitions 1 and 2 with their small AE/k

value of only 1310 K are not suitable, Other
Spectral profiles for the free stream (1), for the transitions are needed, and since these are not
transition region between free stream and shock in accessible to the tunable ArF excimer lasers, other
the slit configuration along the beam (2), as in (2) lasers will need to be used.
but in the shock region, and with slit configuration
transverse to the laser beam (4) are shown for
shots 259 (thin line), 260 (medium line) and 261 7.4 Blunted cone (planetary probe)
(bold line) in Fig. 36. Downward arrows (.14)
indicate onset of partial camera saturation. The blunted cone represents the forebody shape of
Asterisks (*) indicate spectral regions where the a planetary probe. LW was used (Ref. 7) to
emission is largely due to the background examine the flow wakes behind the cone; these are
emission. regions of interest since it is here that sensitive and

delicate instrumentation is placed. There is also
some concern regarding the influence of the model
holder (sting) on the wake flow. The set-up for
TLT measurements behind the cone is shown in
Fig. 37. A shear layer separates the strong
expansion at the edge of the cone from a re-
circulation region in the corner formed by cone
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a) flw20/ nar~

a 5000

20 10 0 -10

direction normal to shock [mmi

flow

c0 rWnw Fig.38 Visualisation of the compression shock in
b) camera Jdow the wake of the blunted cone and

evaluation of a temperature.

measurement shows that there is about a 1.6
temperature jump across the shock.

7.5 Japanese HII Orbital Plane (HOPE)

a) b) laser sheet 1i
Fig.37 Experimental setup for LIF measurements hock Ucamera 2 camera
in the wake of a blunted cone in HEG. flter low

fe c ae bam

-3 3..blockerflow 0, \........... ----- ....... ..-! ....
rear surface and sting. This shear layer impinges a--..

on the sting, where, to turn the flow, a weak re- Y laser sheet _1

compression shock is formed. PLIF measurements filter Y 2 ck

were performed in this region of the re-ce camera
compression shock, with the configuration as camera laser sheet 2t
shown. (Early tests in the region immediately
behind the cone were not successful, even with the Fig.39 Experimental setup for LIF measurements

use of filters, due to the very strong background on the HOPE power delta model.
emission from behind the bow shock - at that
stage, the methods leading to the successful results
behind the sphere shock were not yet known.) PLIF measurements were carried out (Ref. 1, 4, 7,

8) on power delta and double delta shaped models
A 2D temperature plot and profile for the region as candidate shapes for the Japanese space glider
shown in Fig. 37 is shown for shot 220 (condition HOPE. (This work was performed under contract
III, test gas 30% N2 + 70% CO) in Fig. 38. to Kawasaki Heavy Industries.) Model angle of

attack was 350, three yaw angles of +3', 0' and -3'

One can faintly see the shock position in the inset were used, run conditions were I, II and IV, and
2D image (the shock is weak, the gas is quite laser transitions 1 and 2 were used in a two-laser
"cold" and NO concentrations are quite low, so set-up (Fig. 9) to record 2D NO fluorescence
that fluorescence signals are very weak, leading to images. The experimental set-up for LIF for the
low S/N ratios are therefore poor signal quality), power delta model, showing the configuration of
For the temperature determination a value of 1000 the two laser sheets and the two ICCD's, is given
K has been assumed for the region upstream of the in Fig. 39.
shock - this value has been obtained from
calculations. Given this assumption, the LIF
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Here the laser sheets are brought in parallel to the 2000

flow direction just above the wing tip fins. Typical
flow visualisation LIF images from both cameras
(transitions 1 and 2) at yaw angles 03 of -3 ' (shot T M
198, condition IV) and +3' (shot 200, condition HI) .
are shown in Fig. 40. The relative placement of the L 1000

shock to the wing tip fin as P3 is changed can E8)

readily be seen. 500

The experimental set-up here doesn't allow both
laser beams to probe the same region of the flow -io 6 io 20
(see Fig. 39). Hence, to do TLT, one must either distance from shock front 8 [mm]
do repeat shots and hope for shot reproducibility,
or use two symmetrical (13 = 00) regions in the one Fig.41b Temperature jump across the shock shown

shot, and hope for flow homogeneity. Here the in Fig. 41a.

latter was chosen. A 2D result for shot 195
(condition I) for Trot in the vicinity of the power
delta wing tip fin is shown in Fig.41a and a plot of To obtain these temperature values, a free stream
temperature as a function of distance from the value of Trot of 700 K (based on calculations for

shock front is shown in Fig. 41b. this condition) has been assumed.

shot 198 camera 2 camera I A double delta model was also tested, but with a
condition: IV A obedlamdl as u

ang 40-- 2 different laser beam configuration - here the laser

°3 20 beam was brought to pass just upstream of the
wing leading edge, which meant that the laser4 -20

fow beam and therefore the cameras had to be tilted.-50rer mm .5 mm

shot 200 cam transition: &(0,1) R,(27.5) transition: s(0,1) Rý,(17.5) This is shown in Fig. 42.codiion 11°I
yaw angle : +3'-2- 4 0 laser e at 1

202 sbock camera 2 ce
21'aa��meramsoa

filter'flow-low-
camera 2 transition: E(0,1) R(27.5) transition: e01) R~,(17.5) me 77.

flow =30
Fig.40 LIE flow visualisation for yaw angles +3 q= 357

cameracamera
12" r 2

ztm t
laser sheet 2

Fig. 42 Experimental setup for LIF measurements
on the HOPE double delta model.

Typical results are shown in Fig. 43 for two shots
Sat two different yaw angles: shot 204 (condition I,
l13= 0) and 201 (condition I, 3 = +3).

The shock stand-off distance from the wing
leading edge as a function of P3 was measured over

Fig.41a2D temperature measurement using LIF in many HEG runs (shots 201 to 209) with different

the vicinity of the HOPE power delta wing conditions. A summary of all double delta results

tip fin. is given in Fig. 44, where shock distances (in mm)
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camera 2 camera 1 flash lamp beam (LIF is spatially resolved); 2.

0 20 Since the exciting source is broad-band, many NO
-o absorption lines are probed, so that several level

i_- -.20 populations can be determined; 3. The flash lamp
102 on0 eo01JR mr,, . ,0 -0o 0 mm can operate at high repetition rates, so that times d 201 tra n slton: e [0,1) R.(27.61 trans ifNon: e( O0 ll R, ,117. 51

Condo I resolved spectra can be recorded during the flow.yawangie: +3" 0

angle Of afac&.

b-+3: 40 Fig. 45 shows the University of Bielefeld
experimental set-up for flash lamp absorption

-to -0, traston: 8( r,(17.) mm measurements of the HEG free stream flow. The
transition e(O,1 R0(27.5 lasfo:eO1 =(75

flashlamp delivers a small (1 mm) 1 mJ pulse of

Fig.43 LIFflow visualisation for yaw angles 0 short duration (100 ns) and at high repetition rates
and 3 °for the double delta model. (100 kHz), with a sizeable proportion of its output

in the UV. The beam is collimated, passed through
the HEG test section normal to the flow axis and

are plotted for the different HEG shots. (Yaw then focussed onto the entrance slit of an f9
angles P3 = -3', 00 and +3' are identified. Open spectrometer. This spectrometer contains an
symbols - condition I; half open symbols - echelle grating as its dispersive element, which is
condition 11; filled symbols - condition IV. Squares used at very high order dispersion (>100), giving a
- right wing camera 1; circles - left wing, camera 2. very good wavelength resolution (0.0075 nm).
a, b -shock distance could not be determined.) Hence rotational lines can be resolved. The

wavelength-dispersed spectrum from the lamp
T' pulse is then recorded on an ICCD while a half
, 14- frame transfer is occurring, thereby allowing a
E series of pulses to be recorded.

" " _L 2_ -r o~ 1J_ :• b Experimental setup for flash lamp absorption measurements

--- -- ------ -- ---- -------------------- ---- * • C_ _L • UV aehrom at e int. ced cam era

a 6gr atin10 ris-r0

C8 flashlamp i i

00 1a b- a II b ýD lnM" ,< 100 rg I mirror

201 202 263 264 265 266 267 268 269 spectrometer
HEG shot number 60-80 im sli

180-800 nmn
0.0075 nrm resol'n

Fig.44 Distance from shock to wing leading edge f-numbor 9
for the double delta model for various
HEG shots. Fig. 45 Experimental setup for flash lamp

absorption measurements in HEG.

8. FLASH LAMP ABSORPTION IN HEG
FREE STREAM FLOWS Both low and high resolution spectra were

recorded for two HEG shots, both at condition I.
Fig. 46 shows a low resolution result for the

The theoretical considerations in chapter 2 wavelength range 210 - 240 nm.
concerning the NO molecule, its spectroscopy, its
level populations, considerations of thermal At this resolution the rotational line structure
equilibrium, and TLT also apply here with this cannot be resolved, but rather merges together to
method. There are some major differences, give the familiar vibrational band structure of NO.
however:- 1. It's an absorption technique, meaning Three vibrational bands are seen in the measured
line-of-sight integration along the direction of the spectrum (middle of figure), arising from y(1,0),
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y(0,0) and y(0,1) transitions. (This spectrum has High resolution NO absorption spectrum in HEG free stream

been integrated over several flash lamp pulses to 1.05

improve the SIN.) Inserted into the figure at lower 1.00

I Low resolution NO absorption spectrum in HEG free stream0.5

1.05%R S L 0.90 .

I.0010 - 0.85 _

E ~~P2'1q2 bahed e
0 0.95 NO AX (0-1) 08 bandhead0

NOAX (0-0) shat 389, cond. I ade
JA 0.40 - -~rce b ~n0.75-- NO AX (0-) slmulaffoe, Tr70 K ba dhed

NO AX (1-0) /,k-^ "''-emcted abs~rt ~ 0.5 -- eraged measured NOabooo

- Calc (T-•700Tt'r2500 K) -.7,1 No (1.4% 17S)

44050 44100 44150 44200 44250 44300 44350

0.30 7 iWavenumber [cm"1]
0.25 

21 25 O 2

0.o 225 20 5 ' 0-- . ,o Fig.47 High resolutionflash lamp absorption
g 210 215 220 m] 230 235 2Q M measurement of NO in the HEGfreeWavelength [nm]

stream.

Fig.46 Low resolution flash lamp absorption
measurement of NO in the HEG free
stream. be compared with LIF values for Trot of 710 K and

980 K (see chapter 6.1) and the theoretical value
for T. of 790 K (see Fig. 7).

right is the corrected measured absorption
spectrum and two theoretical spectra for NO, one
calculated for Trot = Tjb = 700 K, and the other for ACKNOWLEDGEMENTS
Trot = 700 K and Tib = 3500 K. The major
difference between the two calculated spectra is The LIF work was carried out by a host of people

the appearance of the hot band at 236 nm when working at the DLR: Dr. M. Wollenhaupt (who

Tib = 3500 K. (Hot bands arise from higher coordinated the LIF activities at HEG over several

vibrational levels - here v" = 1 - which usually are years and whose doctoral thesis forms the core part

only occupied when the gas is hot.) Even though of this lecture), Dr. M. Scheer, M. Rosenhauer, T.

the positions of the bands are predicted quite well, Miiller, J. Jourdan, J. Scholz and S. Hartung. The

the agreement (goodness of fit) between original laser apparatus for LIF was provided by

experimental and calculated spectra is not very LaVision 2D MeBtechnik GmbH (Gbttingen,
good - the top trace in Fig. 46 shows the residuals Germany). The flash lamp absorption technique, as

(least square differences) between calculated and used here, originates from the group of Prof. P.

experimental spectra. Furthermore, the hot band at Andresen (University of Bielefeld) and was
236 nm is not well enough resolved to be sure that implemented in HEG by Dr. C. Niederbiumer

T~ib is high. (previously University of Bielefeld). Much of the
funding for the LIF work, as well as for the LIF

A measured high resolution spectrum is shown in apparatus, was provided by the ESA through
Fig. 47 (bold line plot). The wavenumber range as CNES.
shown corresponds to a wavelength range of 227.0
- 225.5 nm.
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